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Introduction
Colorectal cancer (CRC) is the third most common cancer and the third most common cause of cancer related deaths in the world. 1 Currently, the surgical treatment of CRC is effective for patients diagnosed early. However, due to its high recurrence and metastasis rate, approximately 70% of patients have metastases at the time of diagnosis. 2 Colorectal cancer diagnosis and therapy interventions have achieved some progress in the past decade. However, the 5-year survival rate for advanced colorectal cancer is approximately 10%. 3 Hence, more suitable therapeutic targets and their underlying mechanisms should be explored. microRNAs (miRNAs) are a group of single stranded RNAs of approximately 18-24 nucleotides in length that are highly conversed and non-coding. miRNAs can regulate gene expression through binding to the 3ʹ untranslated regions (3ʹUTRs) of RNA transcripts, resulting in mRNA degradation or translation inhibition. Several studies have revealed that miRNAs could be pivotal regulators of tumor suppressors or oncogenes. 4, 5 In addition, miRNAs could also play vital role in various biological processes such as cell proliferation, apoptosis and the cell cycle. 6 A growing number of studies have demonstrated that aberrantly expressed miRNAs are tightly linked to CRC occurrence and progression, so these miRNAs may be considered as novel promising targets for CRC diagnosis. 7 MicroRNA-140-3p (miR-140-3p) has been abnormally expressed in many different cancers such as lung carcinoma, breast cancer, spinal chordoma and hepatocellular carcinoma. [8] [9] [10] [11] However, the expression, biological function and underlying mechanisms of miR-140-3p in CRC remain unclear.
Many researchers have shown the overexpression of programmed cell-death 1 ligand 1 (PD-L1) in various tumours including CRC. [12] [13] [14] Furthermore, studies have shown that PD-L1 expression levels are negatively correlated with the prognosis of patients and the malignancy degree of tumours. 15 As an immune escape mechanism, PD-L1 expressed on the surface of tumour cells can bind to PD-1 on T cells, which can inhibit the activation, proliferation and survival of T cells and enhance the immune evasion of tumour cells. 16 In this study, we found that miR-140-3p was noticeably downregulated in CRC cell lines and CRC tissues. PD-L1 expression was negatively correlated with miR-140-3p expression in CRC tissues. miR-140-3p may act as a tumour suppressor through directly targeting PD-L1. Overexpression of miR-140-3p markedly inhibited cell proliferation, invasion, and migration and induced apoptosis of CRC cells by repressing PD-L1. miR-140-3p inhibits in vitro and in vivo activation of the PI3K/AKT pathway. Hence, miR-140-3p might be a novel target for CRC diagnosis and treatment.
Materials And Methods

Patients And Tissues
In this study, thirty-one paired colorectal cancer (CRC) tissues and adjacent non-tumour tissues were collected by surgical resection at the second afflicted hospital of Nanjing Medical University. No patients received radio or chemotherapy before surgery. All samples were frozen directly in liquid nitrogen and deposited at −80°C. The research was approved by the Ethics Committee of the second afflicted hospital of Nanjing Medical University. Informed consent was signed by all the patients.
Cell Lines
Two human CRC cell lines, HCT116 and SW480, and the normal human colonic epithelial cell line NCM460 were purchased from the Institute of Biochemistry and Cell Biology (SIBCB) of the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in DMEM containing 10% FBS, 100 units/mL penicillin and 100 units/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) in 5% CO 2 at 37°C.
Plasmid Transfection
miR-140-3p miRNA mimics(miR-140-3p), a miRNA mimics negative control (miR-NC),a PD-L1 siRNA and a siRNA negative control (si-NC)were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The PD-L1 overexpression plasmid PCMV-PD-L1 and the empty plasmid PCMV were constructed by Hai GenePharma Co., Ltd. (Shanghai, China).The PD-L1 siRNA sequences were 5ʹ-GCCGAAGUCAUCUGGACAATT-3ʹ, and the NC siRNA sequences were: 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ. Lipofectamine 2000 (Invitrogen, USA) was used to transfect cells according to the manufacturer's instructions.
RNA Isolation And RT-qPCR
Total RNA was isolated from tissues or cells using TRIzol (Invitorgen, USA) according to the manufacturer's protocol. First, cDNA was generated using a miRNA First Strand cDNA Synthesis Kit (Vazyme, China), and then, the expression of miR-140-3p was evaluated by using a miRNA Universal SYBR Master Mix (Vazyme, China), which was analysed on an ABI 7500 QPCR (Thermo Fisher Scientific, USA). In addition, total RNA was also reverse transcribed to generate cDNA utilizing the HiScript 1st Strand cDNA Synthesis Kit (Vazyme, China) and qPCR was performed using HiScript QRT SuperMix for qPCR (Vazyme, China) to detect PD-L1 expression. The primers were as follows:
Forward primer for miR-140-3P: 5ʹGCGCGTACCACA GGGTAGAA3ʹ;
Reverse primer for miR-140-3P: 5ʹAGTGCAGGGTC CGAGGTATT3ʹ;
Forward primer for PD-L1:5′TGGCATTTGCTGAAC GCATTT3′;
Reverse primer for PD-L1:5′TGCAGCCAGGTCTAA TTGTTTT3′.
Relative gene expression was determined using the 2 −ΔΔCt method.
Cell Proliferation Assay
Cell proliferative ability was assessed using a Cell Counting Kit8 (DojinDo，Japan). A total of 2×10 3 transfected cells/ well were resuspended and plated in 96-well culture plates. Cell viability was determined every day following the manufacturer's protocol. For the adherent colony formation assay, 1×10 3 transfected cells/well were seeded in 35 mm culture plates at 37°C in 5% CO 2 . After 14 days, colonies were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Colony formation was determined by counting the number of stained colonies.
Cell Migration And Invasion Assay
For the migration assay, 2.5×10 4 cells in serum-free medium were seeded on the upper side of 8 μm -pore-size transwell chamber (Millipore, USA) 48 hrs after transfection. Medium containing 20% FBS was added to the lower chamber. After 48 hrs, the cells on the upper side of the membranes were removed carefully using a cotton swab while the invasive cells were fixed with methanol, stained with 0.1% crystal violet and counted under an inverted microscope (Olympus, Japan).The invasion assay procedure was similar to the migration assay, except that the porous polycarbonate membranes of transwell chambers were spread with Matrigel (Corning, USA) prior to the addition of cells.
Flow Cytometric Analysis
HCT116 and SW480 cells were transfected for 48 hrs, harvested by trypsinization and then washed twice with cold PBS. Cells were subsequently double stained with FITC-labelled Annexin V and propidium iodide by using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences, USA) according to the manufacturer's instructions. The percentage of apoptotic cells was determined by flow cytometry. (FACS Calibur; BD Biosciences, USA).
Western Blot Analysis
Total protein was extracted from tissue or cultured cells using RIPA (Beyotime, China) containing a protease inhibitor cocktail (Roche, USA). Protein concentrations were assessed using a BCA Protein Assay Kit (Beyotime, China). Equal amounts of protein were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore, USA). After blocking the membranes with 5% nonfat milk, different specific antibodies were incubated with the membrane. The antibodies used were as follows: anti-PD-L1 (Cell Signaling Technology, 3127S), anti-PI3K (Santa Cruz Biotechnologies cat.no. sc-136298), anti-p-PI3K (Cell Signaling Technology, cat. no. 4228), anti-AKT (Cell Signaling Technology, 4691S), anti-p-AKT (Cell Signaling Technology, 4060S),anti-Bcl-2(Cell Signaling Technology, 15071T), anti-Bax(Cell Signaling Technology, 5023T), and anti-GAPDH (Proteintech, 60004-1-Ig). Goat anti-Mouse HRP (FDbio science, FDM007), and Goat anti-Rabbit HRP (FDbio science, FDR007). Finally, an ECL chromogenic substrate was applied for detecting the fluorescent signals (BIO-RAD, USA).
Luciferase Reporter Assay
The wild-type (WT) and mutant PD-L1-3ʹUTR (MUT) plasmids were constructed by GenScript (Nanjing, China). Cells were seeded in 24-well plates and grown for 24 hrs before transfection. Lipofectamine 2000 (Invitrogen, USA) was used to cotransfect miR-140-3p mimics or the miR-NC and wild-type or mutant PD-L1-3ʹUTR plasmids into cells. Transfected cells were harvested after 48 hrs and then analysed using a Dual-Luciferase Reporter Assay System (Promega, USA).
In Vivo Tumour Growth Assay
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Nanjing Medical University. Six to eight-week-old BALB/c-nude mice were purchased from the Animal Experimental of the Nanjing Medical University. The mice were randomly divided into two groups (n=5 per group). HCT116 cells (1×10 7 ) that had been transfected with miR-140-3p mimics or the miR-NC were subcutaneously injected into the right flank of nude mice. Tumour volume and weight were measured every 2 days, and tumour volume was determined using the following formula: volume = 0.5 × tumour width 2 × tumour length. Twenty-eight days later, the mice were sacrificed, the neoplasms were weighed, and the proteins were harvested from tissues for Western blot analyses.
Statistical Analysis
All data are presented as the means ± SD. Statistical analysis was performed using SPSS 20.0. The t-test and one-way analysis of variance were used, all statistical tests were two-sided, and p<0.05 was considered statistically significant.
Results
miR-140-3p Expression Is Downregulated In CRC Tissues And Cells
To determine the expression of miR-140-3p in CRC, the expression of miR-140-3p in 31 paired human CRC tissues and adjacent normal tissues was determined by using qRT-PCR in this study. As depicted in Figure 1A , the expression of miR-140-3p was significantly downregulated in CRC tissues. We next assessed miR-140-3p expression in two CRC cell lines (HCT116 and SW480) and a normal human colon epithelium cell line (NCM460), there were lower levels of miR-140-3p expression in CRC cell lines than in NCM460 cells ( Figure 1B ). Obviously, these results indicate that decreased of miR-140-3p expression is highly correlated with CRC progression.
miR-140-3p Overexpression Inhibits Proliferation, Migration And Invasion In CRC Cells
To evaluate the biological role of miR-140-3p in CRC, miR-140-3p mimics or miR-NC were transfected into HCT116 and SW480 cells. CCK8 assay, colony formation, migration and invasion assays were used to detect cell proliferation and migration abilities. RT-qPCR results confirmed that transfection with miR-140-3p mimics led to the overexpression of miR-140-3p in HCT116 and SW480 cells compared to the control (Figure 2A ). As shown in Figure 2B , the colony formation results showed that transfection with miR-140-3p mimics decreased the colony numbers. Similarly, the CCK8 assay showed that the growth of CRC cells transfected with the miR-140-3p mimics was significantly impaired compared to the growth of cells transfected with the miR-NC ( Figure 2C ). In addition, migration and invasion assays indicated that the migration of CRC cells transfected with miR-140-3p mimics was notably impeded ( Figure 2D and E).These results indicate that miR-140-3p overexpression could inhibit the proliferation, migration and invasion of CRC cells.
Upregulation Of miR-140-3p Promotes The Apoptosis Of CRC Cells
Flow cytometry was performed to assess the effect of miR-140-3p upregulation on CRC cell apoptosis. As shown in Figure 2F , HCT116 and SW480 CRC cells exhibited similar results, and the percentage of apoptotic cells was dramatically larger in the group treated with miR-140-3p mimics than it was in the miR-NC group. In addition, we investigated Bcl-2 and Bax expression after transfecting cells with miR-140-3p. As shown in Supplementary Figure 1A , upregulation of miR-140-3p suppressed Bcl-2 expression, and increased Bax expression.These data indicated that miR-140-3p promotes the apoptosis of CRC cells.
PD-L1 Is A Direct Target Of miR-140-3p
To elucidate the biological mechanisms underlying the role of miR-140-3p in CRC, we explored the potential targets of miR-140-3p using TargetScan and miRWALK databases. As shown in Figure 3A , the results revealed that PD-L1 was a predicted target gene. The 3′-UTR of PD-L1 contains a complementary site for miR-140-3p ( Figure 3A) . To determine whether miR-140-3p directly targets the PD-L1 3′-UTR, a luciferase reporter assay was performed. As shown in Figure 3B , overexpression of miR-140-3p decreased the luciferase activity from the wild type PD-L1 3ʹ-UTR reporter in CRC cells. Furthermore, miR-140-3p mimics did not influence the luciferase activity of the reporter carrying the mutated PD-L1 3ʹ-UTR ( Figure 3B ). To further determine whether miR-140-3p can regulate the PD-L1 expression, Western blots were used to determine the expression of PD-L1 in CRC cells after transfection with miR-140-3p mimics or the NC. The results showed that miR-140-3p mimics obviously reduced the PD-L1 expression ( Figure 3C ). We also investigated PD-L1 mRNA expression in 31 paired CRC tissues and adjacent normal tissues by RT-qPCR. The results indicated that PD-L1 expression at the mRNA level was much higher in CRC tissues than it was in normal tissues ( Figure 3D ). Moreover, miR-140-3p levels were conversely related to PD-L1 levels in CRC tissues ( Figure 3E ). Taken together, these data indicate that PD-L1 is a direct target of miR-140-3p in CRC.
Repression Of PD-L1 Simulates The Effect Of miR-140-3p In CRC Cells
To determine whether the role of miR-140-3p in CRC cells was mediated by PD-L1 inhibition. PD-L1 expression in HCT116 and SW480 CRC cells was knocked down by transfecting with PD-L1 siRNA. Western blot results showed that PD-L1 expression was suppressed in CRC cells after PD-L1 siRNA transfection ( Figure 4A ). Subsequently, downregulation of PD-L1 inhibited cell proliferation ( Figure 4B and C), migration ( Figure 4D ), and invasion ( Figure 4E ) of HCT116 and SW480 cells. In addition, inhibition of PD-L1 expression induced the apoptosis of CRC cells ( Figure 4F ). Furthermore, Western blot results showed inhibition of PD-L1 expression also suppressed Bcl-2 expression, and increased Bax expression ( Supplementary Figure 1) . These data not only suggest that the biological effects of PD-L1 suppression were similar to those caused by the upregulation of miR-140-3p in CRC cells, but also indicate that miR-140-3p exerted an inhibitory effect on CRC development by targeting PD-L1. 
Overexpression Of PD-L1 Attenuates The Tumour Suppressive Effect Of miR-140-3p In CRC Cells
The above experiments confirmed that miR-140-3p could play a vital role in inhibiting the progression of CRC by targeting PD-L1. A rescue experiment was used to corroborate these results. The PD-L1 overexpressing plasmid PCMV-PD-L1 or the empty plasmid PCMV was co-transfected with the miR-140-3p mimics into the HCT116 and SW480 cells. Western blot results showed that the expression level of PD-L1 was restored in the CRC cells transfected with PCMV-PD-L1 ( Figure 5A) . Figure 5B -D shows that the increase in PD-L1 expression enhanced the proliferation, migration and invasion ability of CRC cells. Moreover, the restoration of PD-L1 expression decreased the apoptosis of CRC cells ( Figure 5E ). These results further confirmed that miR-140-3p exerted its anticancer effect in CRC by inhibiting PD-L1.
Upregulation Of miR-140-3p Inhibits Activation Of The PI3K/AKT Pathway In CRC
Previous studies have reported that the loss of PTEN increases PD-L1 expression in many tumours by activating the PI3K/AKT pathway. 17, 18 Abnormal activation of the pathway is thought to be crucial for the occurrence and development of tumours. 19, 20 The above experimental data indicated that miR-140-3p directly targeted PD-L1 in CRC development. Thus, to further explore the potential mechanism by which miR-140-3p inhibited CRC development, we investigated p-AKT and p-PI3K expression after transfecting cells with miR-140-3p. As observed in Figure 6A , upregulation of miR-140-3p remarkably attenuated p-AKT and p-PI3K expression compared to the control group. In addition, HCT116 and SW480 cells transfected with PD-L1 siRNA had results that were similar to what was seen in the miR-140-3p treatment group ( Figure 6A ). Taken together, these data provide strong evidence that miR-140-3p may serve as a tumour suppressor in CRC development by disrupting the activation of the PI3K/AKT pathway.
miR-140-3p Suppresses The Tumour Growth Of CRC In Vivo
To determine the effects of miR-140-3p on tumour growth in vivo, subcutaneous xenograft models of CRC were constructed by implanting miR-140-3p or miR-NC transfected HCT116 cells into the right flank of nude mice. After 14 days, all nude mice were sacrificed and the tumour masses were weighed and measured. Nude mice injected with miR-140-3p transfected HCT116 cells exhibited a significantly smaller tumor weight and volume than what was seen in the mice transplanted with miR-NC transfected cells ( Figure 7A-C) . In addition, the expression of miR-140-3p in tumour tissues was detected by RT-qPCR. The results showed that miR-140-3p expression was much higher in the miR-140-3p transfection group than it was in the control group ( Figure 7D ). Western blot analysis showed a significant decrease in PD-L1 expression in the miR-140-3p transfected group ( Figure 7E ). Furthermore, p-AKT and p-PI3K expression was also inhibited ( Figure 7E) . These data indicate that miR-140-3p suppressed tumour growth in vivo by targeting PD-L1 via inhibition of the PI3K/ AKT pathway. 
Discussion
An increasing number of studies have indicated that miRNAs play an important regulatory role in the development and progression of CRC, making miRNAs critical for the diagnosis and prognosis of CRC. 21, 22 MiRNAs, such as comprising miR-139a-3p, miR-452, miR-449a and miR-205-5p have been discovered to be involved in the development and metastasis of CRC through the regulation of their respective target genes. [23] [24] [25] [26] These findings reveal that miRNAs may serve as new biomarkers of CRC progression. MiR-140 was initially shown to be involved in the development of cartilage in vivo. 27 In previous studies, miR-140 expression was found to be dramatically decreased in patients with CRC. 28 It has been reported that miR-140 overexpression suppressed the proliferation and invasion of CRC by targeting VEGFA. 29 MiR-140-3p belongs to the miR-140 cluster and has been shown to function in tumorigenesis. MiR-140-3p expression was found to be reduced in breast cancer patients. 9 MiR-140-3p was also shown to be a tumour suppressor in lung cancer and could inhibit its proliferation of it by targeting ATP8A1. 8 In addition, miR-140-3p was shown to enhance the sensitivity of hepatocellular carcinoma cells to sorafenib. 11 Nevertheless, the expression of miR-140-3p was reversely related to the prognosis of patients with spinal chordoma. 10 Hence, the role of miR-140-3p in carcinogenesis appears to be unclear and complicated. The expression and function of miR-140-3p in the development of CRC remains unknown. In this study, we found that miR-140-3p expression was reduced in CRC tissues. In addition, overexpression of miR-140-3p significantly hampered proliferation, migration, invasion and induction of CRC cell apoptosis in vitro. In vivo, miR-140-3p upregulation also suppressed tumour growth. These results indicate that miR-140-3p plays an important role in the tumorigenesis and progression of CRC.
PD-L1 (also known as B7-H1 or CD274) is the cognate ligand of programmed cell-death protein 1 (PD-1). PD-L1 has been proven to be a T-cell inhibitory molecule. The binding of PD-1 and PD-L1 can inhibit the T cell-mediated immune response, which can lead to the progression of tumours. To date, PD-1/PD-L1 targeted therapy has been approved for the treatment of many cancers such as lymphoma, 30 urothelial carcinoma 31 and metastatic colorectal cancer. 32 This therapy is effective because it reduces PD-1/PD-L1 expression. It is widely recognized that miRNAs accomplish their function by directly regulating the expression of their target genes. PD-L1 has been proven to be a direct target of miR-34a and miR-497. 33, 34 In this study, we used TargetScan and miRWALK analysis to demonstrate that PD-L1 was a potential direct target of miR-140-3p. First, dual-luciferase reporter assays confirmed the bioinformatic analysis. Then, PD-L1 was overexpressed in CRC tissues, which was related to miR-140-3p expression. In addition, CRC cells transfected with PD-L1 siRNA exhibited a decrease in cell proliferative, migratory and invasive abilities. HCT116 and SW480 cells transfected with PD-L1 siRNA had the same biological behaviour as cells treated with miR-140-3p. Hence, these outcomes suggest that PD-L1 is a direct target of miR-140-3p and that miR-140-3p functions as a tumour suppressor by restricting PD-L1 expression.
The PI3K/AKT signalling pathway is confirmed to have a strong role in tumorigenesis. 19, 20 Previous studies have found positive feedback between AKT and PD-L1 expression. 33 The dysfunction of the PI3K/AKT signalling pathway could regulate PD-L1 expression in lung cancer and breast cancer. 35, 36 In CRC, it was found that downregulation of miR-140-3p is associated with activation of the AKT/mTOR signalling pathway. 37 mTOR is also the downstream of PI3K/AKT signalling and plays a vital role in cellular growth and metabolism. 38 In our research, p-AKT and p-PI3K expression was largely decreased in CRC cells treated with PD-L1 siRNA or miR-140-3p. More importantly, the outcome of Western blot analyses of tumour tissues from nude mice was nearly identical. These data suggest that the underlying mechanistic activity for miR-140-3p involves suppression in CRC progression.
In summary, our study demonstrated that miR-140-3p plays a pivotal role in the development and progression of CRC. Our experiments revealed that miR-140-3p regulated CRC cell proliferation, migration and apoptosis by directly targeting PD-L1. In addition, our study verified that the role of miR-140-3p in CRC could be mediated by PI3K/AKT inhibition. These findings suggest that miR-140-3p is a potential new therapeutic target for CRC treatment.
